s, n ϭ 23 cells). Transients as short as 200 ms were
in the same neuron. These Ca 2ϩ transients required action potential-mediated release of neurotransmitter measured in the dendrites (mean 0.48 Ϯ 0.18 s, n ϭ 23) but could last more than 1.5 s in the soma if they invaded since they were blocked by tetrodotoxin (TTX, 1 M) when the postsynaptic responses were subthreshold (n ϭ that region. Multiple stimuli (usually 25) were required to observe this [Ca 2ϩ ] i increase, but we did not try to 2; data not shown). To confirm that the release in our experiments was due to activation of mGluR, we applied determine the threshold stimulation configuration. The [Ca 2ϩ ] i increase was not synchronous at all locations; (R,S)-␣-methyl-4-carboxyphenylglycine (MCPG, 1 mM; n ϭ 2; Conn and Pin, 1997), which reversibly blocked the peak spread as a wave over a restricted region near the point of stimulation ( Figure 1C ; to see a movie of the slow Ca 2ϩ transients ( Figure 1D ). As MCPG was added to the preparation, the spatial extent of the rethis wave, go to http://www.neuron.org/cgi/content/full/ 24/3/727/DC1). Examples of propagation in one or both lease wave became more restricted before being eliminated. MCPG also blocked the slow membrane depolardirections were observed. Typical propagation velocities were 68 Ϯ 22 m/s (n ϭ 18) but were not constant ization, consistent with previous observations (Davies et al., 1995; Congar et al., 1997). along a dendrite. Transients could be evoked repeatedly ] i increases if we followed the synaptic stimulation with a short train of action potencould be blocked by 1 mM MCPG (n ϭ 8; data not shown). MCPG had no effect on the [Ca 2ϩ ] i transients tials (typically five to ten spikes at 30 ms intervals) evoked with brief current pulses in the soma ( Figure 2B ).
evoked by spikes alone. The enhanced release also was observed in cells in which spikes were generated by These increases had a sharp initial phase that correlated with the spikes and a slower, secondary phase. The excitatory postsynaptic potentials (EPSPs) in experiments that did not include AP-5 and CNQX in the artificial secondary increases were not synchronous in all of the dendritic locations where they were observed. However, cerebrospinal fluid (ACSF; data not shown). When the spikes were evoked immediately at the end they were more synchronous than those of the propagating waves observed without spikes. This pattern was of the synaptic train, they usually caused a Ca no release was observed when the spikes were evoked initiation occurred close to the soma, and the wave propagated toward the dendrites. If initiation was away 1 s after the end of the train ( Figure 2D) . Similarly, release transients were not detected when spikes were evoked from the soma, then propagation was toward the soma. In most cases, the wave was confined to the proximal at the beginning of tetanic synaptic stimulation (data not shown). Figure 2E shows a summary histogram of apical region of the dendrites. In some cells, the wave spread over the soma. In several cells, the wave continnine similar timing experiments. For each cell, the interval between the end of synaptic stimulation and the ued into the basal dendrites, but with reduced amplitude and rarely more than 20 m from the soma. If stimulation beginning of spike stimulation was varied, and the magnitude of release was noted. The figure shows that the was outside the sensitive region (soma to ‫001ف‬ m into the apical dendrites), then higher current densities were fractional increase in amplitude of the release transient (normalized to the increase at zero delay) rapidly deusually required to evoke release. However, in these cases the release waves were still predominantly in the clined as the interval before spike stimulation increased to 1 s. proximal apical region or soma. These patterns are summarized in Figure 3A . Localized release without spikes was observed most commonly when the stimulating electrode was placed When spikes were used to evoke release after synaptic stimulation, the [Ca 2ϩ ] i increase due to release was close to the base of the proximal apical dendrites. In these experiments, release appeared to begin at a locaalso concentrated in the proximal apical dendrites, although it appeared to extend over a slightly larger area tion near the electrode tip and then propagated for variable distances, but rarely more than 50 m from the than release evoked without spikes. In contrast, the spike-evoked [Ca 2ϩ ] i increase in normal ACSF could be initiation point. If the electrode was close to the soma, Only six of these showed increases in the soma (Ϫ10, 10 m). However, these increases were large, explaining the bigger error bars at these locations. observed out to the limits of the apical and basal denpositioned more distally in the apical dendrites or over the basal dendrites. This would seem to suggest that the drites or at least as far as fluorescence could be detected (Jaffe et al., 1992; Callaway and Ross, 1995; synapses in these regions were less capable of inducing release than those in the proximal apical dendrites. HowSpruston et al., 1995). To determine more quantitatively the spatial distribution of release in these experiments, ever, the dendrites in these other regions are thinner and more branched than the dendrites in the sensitive we calculated at each location the percentage increase in the fluorescence change when spikes followed synapproximal apical region. In addition, the spatial organization of fibers stimulated by the tungsten electrode was tic stimulation compared with the change evoked by spikes alone. Data were separated into three groups, not exactly known. Therefore, extracellular synaptic stimulation might not be equally effective in all regions of the depending on the location of the stimulating electrode. Figure 3B shows the distribution when stimulation was pyramidal neuron. One possible way of dealing with this problem is to activate all mGluRs equally with an in the proximal apical dendrites. In this case, the greatest increase was near the stimulating electrode. In nine cells exogenously applied agonist. To this end, 30 M trans-1 -amino -cyclopentyl -1 , 3 -dicarboxylate (t-ACPD, an in which the stimulating electrode was placed more apical to the sensitive region (Ͼ100 m), release evoked mGluR agonist; Conn and Pin, 1997) was added to the bath. The cell depolarized by about 5 mV, and there was by spikes was still largest in the same proximal apical region ( Figure 3C) ] i changes were detected, predominantly in the proximal apical dendrites to evoke release when the stimulating electrode was ] i change. To avoid these problems, we vating the ryanodine receptor and inducing CICR. This repeated some experiments using the low-affinity indiform of regenerative release is known to be important in cator furaptra (also known as mag-fura-2). Qualitatively, some peripheral neurons (Friel and Tsien, 1992; Usachev the responses, using this indicator, were similar to those and Thayer, 1997). Indeed, we found that 10 M (n ϭ detected using bis-fura-2 (n ϭ 6). Release transients 3) or 40 M ryanodine (n ϭ 9), which depletes stores were detected in response to repetitive synaptic stimuby blocking the ryanodine receptor in the open state lation alone ( Figure 6A ) and were induced by spikes (Rousseau et al., 1987), rapidly prevented synaptically ( Figure 6C ) when synaptic stimulation did not evoke a mediated release when added to the ACSF ( Figure 5B) . response ( Figure 6B ). Release was detected primarily However, we found that Ruthenium Red (80-120 M in in the proximal apical dendrites and propagated as a the pipette), which blocks the ryanodine receptor in the wave in this region. However, there were some differclosed state (Smith et al., 1988 ) and which at 20 M ences. With bis-fura-2 in the pipette, we usually (one blocks CICR in Purkinje cells (Llano et al., 1994) , did not exception) needed several action potentials to cause prevent synaptically evoked release (n ϭ 10; Figure 5C ).
release. With furaptra in the pipette, a single spike was To confirm that Ruthenium Red really was blocking the often effective (n ϭ 4/5; Figure 6C ). The rate of rise of the ryanodine receptor, we added ryanodine (10 M) to the release transient at the fastest location was significantly ACSF in preparations in which the pyramidal neurons faster (63 Ϯ 4 ms, 10%-90% of peak, n ϭ 6, mean Ϯ were loaded with 120 M Ruthenium Red. In these ex-SEM) with furaptra than with bis-fura-2 (93 Ϯ 6 ms, n ϭ periments, release still occurred in the presence of ryan-10, p Ͻ 0.005, Student's t test), although the frame rate of odine (n ϭ 3; Figure 5C ). Figure 5D summarizes these the camera reduced the precision of the measurements. pharmacological experiments. Together, these results Both of these differences can be explained by the lower suggest that the ryanodine-sensitive store communibuffering power of furaptra. NMDA receptor activation and was attributed to CICR. ranged from 5% to 15% at the site of the largest increase NMDA receptors were blocked in our experiments; rein the dendrites (n ϭ 6). In contrast, the fluorescence lease required activation of mGluR. CICR was not signifiincrease generated by a train of 20 intrasomatically cant compared with IP 3 -mediated release in our experievoked action potentials was about 1% (n ϭ 5; Figure , 1992) cells were filled with 2-15 mM fura-2, a higher conditions were always required. In many cells, action affinity indicator than bis-fura-2. While the cells were potentials were not necessary if the stimulating elecfilled from sharp electrodes, making it difficult to know trode was optimally positioned and the stimulation inthe final concentration in the dendrites, it is likely that tensity and frequency were adjusted. However, even in these indicator concentrations were higher than the levthese cells action potentials in conjunction with synaptic els that completely suppressed release in our experistimulation would cause release when the stimulation ments. parameters or electrode position was adjusted to be subthreshold for release by synaptic stimulation alone.
Spatial Distribution This result is important because a weaker or more difTwo aspects of the spatial extent of the Ca 2ϩ release fuse stimulation protocol is likely to correspond more transients are interesting. First, synaptically evoked release without spikes extended over a distance of about closely to physiological activation of pyramidal neurons. 50 m (Figure 3A ). This distance probably reflects both models that propose that Ca 2ϩ released from the ER acts synergistically with IP 3 to cause further release and the spatial extent of the bundle of activated presynaptic propagating waves (Lechleiter and Clapham, 1992; fibers and the diffusion of IP 3 from the site of synthesis. Wang and Thompson, 1995) . This model also may exThe extent of spike-evoked Ca 2ϩ entry was not critical plain why spike-evoked release transients at different since the release transients extended over a similar locations were more synchronous than release tranlength when synaptic activation and action potentials sients evoked without spikes. In this model, Ca 2ϩ must were needed to evoke release ( Figures 2B and 3B-3D) .
diffuse from the release site to neighboring sites to comSecond, we found that release transients could be bine with IP 3 at those sites to cause release. This diffuevoked easily only when the stimulating electrode was sion time is responsible for much of the propagation placed close to the proximal apical dendrites and that, delay of Ca 2ϩ waves. However, when spikes are generonce evoked, they spread as a wave predominantly ated, a pulse of Ca 2ϩ appears simultaneously at all locawithin this region. A similar spatial distribution for spiketions. If there is sufficient IP 3 at those locations, release evoked regenerative release was found following bath will occur without a significant delay. application of t-ACPD, which activated mGluR at all loAction potentials were effective in causing release cations on the pyramidal neurons. The reasons for this within a window of Ͻ1 s following synaptic stimulation. ] i change evoked by synaptic stimulation alone also this explanation were correct, it would still require an matches the time course of elevated IP 3 within the same explanation for the restricted distribution of regenerative region in the cell. If this idea is correct, then our experievents. mGluRs are widely distributed on pyramidal neuments also suggest that the combined time for the synrons (Lujan et al., 1996) Nature 360, 76-78.
